I. INTRODUCTION
An ultrawideband (UWB) radar has been defined as a radar which has a bandwidth that is at least 25% of the nominal center frequency of the transmitted radar waveform [l] . The waveform can take many forms such as four cycles or less of a sine wave or a stepped-frequency (SF) waveform where the low and high frequencies, ( f L , f H ) , satisfy the requirement 2(fH -f L ) / ( f L + f H ) 2 0.25. The primary benefit of an UWB radar comes from its inherent high range resolution (HRR) capability. Target imaging and identification are a couple of the many application areas of UWB radar. However, one of the principal detriments of using an UWB radar is the mutual interference of other external RF sources that happen to fall within the same frequency band of the UWB radar: the UWB radar interferes with the operation of other RF sources and the other RF sources interfere with the operation of the UWB radar.
For many years, SF waveforms have been used for wideband HRR applications [2] . An SF radar operates in the following manner. A pulse train of M pulses, each at a different frequency, is transmitted. The frequency of each pulse is incremented (or stepped) Manuscript received November 13, 1997; revised April 2, 1998 IEEE Log NO. T-AESl34l4lO198Y. This work is supported by the Naval Research Laboratory and the Office of Naval Research.
U.S. Government work not protected by U S . copyright. 001 8-925 1/98/$10.00 IEEE by a fixed amount from the frequency of the previous pulse. The pulse repetition interval (PRI) of the SF waveform is set equal to the maximum operating range of the radar. There is a return from each range cell in this operating range. The range resolution for a single pulse at a given frequency is approximately equal to the pulse width T of the transmitted pulse so that the radar returns are sampled at a rate M I/T.
At a given range, the radar collects the M samples (for an M pulse SF waveform) at the output of the matched filter or pulse compressor. These M samples are fast Fourier transformed (FFT) which result in radar returns that have a range resolution equal to approximately 1/(M Af) where A f is the SF increment. The SF radar waveform has bandwidth M A f but each individual pulse has bandwidth 1 /~. Hence sampling rate of the SF radar is much less than an UWB waveform that has an instantaneous bandwidth equal to M A f.
Unfortunately, the frequency sidelobes of the individual pulses which are at a particular frequency can interfere with external RF sources. We present an UWB radar waveform which we call an SFPC that significantly reduces the UWB's radar's interference of other external RF sources. We place a polyphase code on each pulse such that transmitted nulls are placed at the external RF frequencies. In addition, the polyphase code consists of subpulses which have small perturbations in phase, so that if desired on receive the SFPC waveform can be matched filtered using the unperturbed (no polyphase code) stepped frequency waveform as a reference signal. As a result, there will be a small match filtering loss. Because nulls are essentially placed in the SFPC spectrum, we call the above procedure "thinning the spectrum." The nulling technique was first devised by Steyskal and applied to the parallel problem of placing nulls in an antenna array pattern. Finally, the proposed methodology can also be applied to narrowband or wideband radars in order to reduce the effects of mutual interference.
II. STEPPED-FREQUENCY POLYPHASE CODES
The generic form of the SFPC waveform is shown in Fig. 1 . Each burst consists of M pulses.
Each pulse has pulsewidth TI, (m = 1,2,. . . , M ) , and a frequency fo + (m -1)Af, where m is the pulse number, fo is the starting carrier frequency, and Af is the frequency increment. Normally, Af FZ min, I/Tm, and T, is chosen to approximately equal the maximum time extent of the targets that are being range profiled. Each pulse consists of N equal length, T,/N, subpulses when the nth subpulse of the mth pulse has phase &n. The pulsewidth T, is also choosen such that T,/N has an integer number of cycles of frequency f,. The PRI is assumed constant. where m is the pulse number and n is the subpulse number.
The angular spectrum of the mth pulse of the SFPC is easily derivable as The parameters amn and $ , , allow us to control the frequency sidelobe response of each S,(w). We assume that the am, are the same for each pulse so that only a, (n = 1,2,. . . , N ) need be specified. We may use a real amplitude taper (such as Chebyshev) to control the frequency sidelobe response. However, in most practical cases an amplitude taper would not be used. This is because if an amplitude taper is used, significant losses in signal power can occur and implementation issues arise. These losses can be precomputed and incorporated into the loss budget of the radar design. There are many implementation issues associated with applying an amplitude taper on transmit and this is not addressed in this work.
Our goal is to find a solution for the $ , , such that arbitrary nulls can be placed at the frequencies where external RF sources exist. These nulls are placed by finding the $ , , which cause the summation term of (1) Thus we desire
(3)
Let qZc be the phase associated with the first zero crossing of taper spectrum defined by
The spectrum, g,(w, 4,) is periodic with the period equal to 27r/T,*. In general, we skip over the f,s which have at least one of the K external RF sources falling within qZc of one of the maxima. We skip these frequencies because of the difficulties of using phase-only perturbations to put nulls in the mainbeam regions of g,(w,+,).
we desire the phases of 4, to be small (say with standard deviation less than 20"). The reason for this is that on receive, our match filtering loss will be small if we choose not to match filter using the transmitted signal as a reference but use the unperturbed (no phase shifts on the subpulses) pulse as a reference. If the phase perturbations are small with standard deviation cr4 (in radians) then it is shown in the Appendix that this loss is approximately equal to 10loglo(l -0;) in dB. For example, if o+ = 0.26 rad (15') then the loss is 0.3 dB. Thus it would seem that a small mismatch loss is tolerable in lieu of having to sample N times faster in order to makeup this loss by using the SFPC as the reference signal. There is however a benefit from matched filtering using the SFPC as a reference. This is that the matched radar receiver places nulls on the external interference sources and hence mitigates the deleterous effects of external RF interference.
There are many solutions for 4, in (3). However,
The exact methodology that Steyskal [3] employed N -20 a(n) = 1. It is straightforward to show that the optimization problem posed by (4) and ( 6 ) is solved by
Ill. RESULTS AND DISCUSSION
Steyskal [3] gives a number of results verifying that the technique discussed in the previous section can effectively place nulls at given angles (in our case the phase space associated with wT;). We give some results using a much smaller phase vector order (number of subpulses, which will probably be the case in practice) than was used in his examples and show that deep nulls can still be placed in the frequency response. For all the cases to be presented N = 20 and a uniform taper (a,) is used. In Fig. 2 N phases of 4, versus the element number of this vector is shown in Fig. 2(b) . Here, we observe that the phases are relatively small (less than 17"). In Fig. 3(a) , there are two extemal RF sources located in phase space at WIT,* = 30", G2T; = 45" and we plot lgm(w,q5,)l2. The sidelobe level at 30" and 45" are -44 dB and -55 dB, respectively. The phase plot of the elements of 4, is given in Fig. 3(b) . source, we place three RF sources close together in phase space: GIT,T = 27", G2T; = 28", and G3TG = 29".
A plot of lgm(w,+,)l2 is shown in Fig. 4(a) . A null with a depth of at least -33 dB has been placed at 27"-29". The phase plot is shown in Fig. 4(b) . Note the phases are large at the endpoints. However, the matched-filtering loss on receive (if the unperturbed waveform is used as a reference) will still be small since the rms error is less than 20".
There is a difficulty in placing nulls on two extemal RF noise sources that have phase angles
In order to emulate a single broadband extemal RF GIT,* and W2TL such that lGIT; + W2TLI < 7r/(2N), then f, is culled from use.
It should be noted that it may not be necessary to null in frequency on transmit all of the external RF source locations. If the transmitted signal of a given frequency is somewhat bandlimited due to pretransmission bandlimiting, the external RF frequency locations may be well down on the skirts of transmitted frequency response (at a given frequency). Hence the list of external RF frequency locations can vary for each frequency of the SFPC waveform. The equations (8)-(10) given for finding the optimal phase perturbation vector, @m, will have to be modified accordingly.
There will also be a loss of performance due to the culling (not using) of certain frequencies of the SFPC waveform that satisfied the conditions that any WkT; falls within $ , , of (27rlTG)h where h is an integer for any k = 1,2,. . . , K or if any two external RF phases are approximately antipodal. Assuming that only a small fraction of frequencies are culled, the effect of not using these frequencies is a small loss of range resolution. If a large fraction of frequencies are culled, the SFPC waveform should not be used.
Hence it is implicitly assumed that K < M . Exact losses associated with culling are application specific and this is not addressed here. However performance degradations (such as gain loss, resolution, sidelobe levels) associated with culling can be quantified by using the vast literature on thinned linear antenna arrays (e.g. using [4] for many references and formulas) related to performance loss. The thinned antenna array analyses (or the failed antenna element in an array analyses) apply because of the equivalence between the linear antenna array theory and the discrete time spectral theory. A final issue to be discussed is the generation of the SFPC. It is required to have the necessary phase shifters in order to generate each subpulse of a given pulse. If N is large and hence the subpulse width small, this may place a tight requirement on the phase shifter hardware specifications. In addition, the bandwidth of the transmitter chain will have to be increased (from the bandwidth that would be used if no perturbed phases were used) in order to pass the higher frequencies needed to replicate the SFPC waveform. This bandwidth will be approximately equal to NIT. It is interesting to note that the actual bandwidth (based on the 3 dB points) of the SFPC waveform is not much greater than 1/T. This is because the phase shifting on the individual subpulses within the T-length pulse is small which results in a pulse spectrum whose bandwidth is slightly greater than the non-phase shifted pulse spectrum. However, in order to generate the 20-40 dB nulls in the frequency spectrum, it is necessary that the bandwidth of the transmitter chain be much larger, Thus 
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Le., about the bandwidth of the subpulse. the individual SF pulses are phase coded using small phase perburations. This results in a waveform which places nulls at the frequency locations of the external RF sources. Because the phase perturbations are small, a mismatched filter which uses the unperturbed pulses (no phase modulation) as a reference signal results in a simple receiver design and a small mismatch loss on receive. Furthermore, the proposed methodology also has application to narrowband or wideband radars.
to this waveform: culling frequencies, mismatch losses, and implementation. For any real application a detailed analysis must be performed to assess the suitability of using this waveform. Fortunately, there are many analysis tools available in the analogous linear antenna array theory that can be used for assessing performance of this waveform in the spectral domain. In this appendix, we derive the mismatch loss associated with using the unperturbed pulse (no phase shifts on the subpulses) as the reference for pulse Furthermore for small q5n for recasting the observability problem into a linear framework.
They treated the hearings-only passive target tracking system (except in Section IX) as a deterministic system. It is already established in [MI that for deterministic systems, the pseudo measurements are linear functions of the states of the system, though the coefficient matrix is a non-linear function of the original measurements. By using the pseudo measurements in a linear observer, global stability can be shown 
